Mitochondria evolved as an endosymbiont providing the cell with a dizzying array of catabolic and anabolic processes essential for life. However, mitochondria have retained the ability to kill from within, and are widely considered the final executioners of programmed cell death. The groundbreaking discovery over 25 years ago that mitochondrial cytochrome c is released into the cytosol shone new and unexpected light onto this old organelle, revitalizing the field. The Bcl-2 family of proteins plays a central role in the maintenance of mitochondrial membrane integrity, but other factors are also involved in the cell death program. Indeed, contacts with the endoplasmic reticulum (ER), mitochondrial division and inner membrane cristae remodeling have emerged as key regulators of cytochrome c release. This review will focus on recent progress to define the functional contribution of the apoptotic ER/ mitochondrial interface, which couples mitochondrial fission and cristae remodeling to calcium and lipid fluxes.
Submission Files Included in this PDF
HIGHLIGHTS.docx [Highlights] To view all the submission files, including those not included in the PDF, click on the manuscript title on your EVISE Homepage, then click 'Download zip file'. 
HIGHLIGHTS
-Drp1-SUMOylation stabilizes the mitochondrial/ER interface required for apoptosis -This mitochondrial/ER platform facilitates calcium and lipid fluxes during cell death -Drp1 and mitochondrial fragmentation are crucial for cristae remodeling during apoptosis -OPA1-oligomer cleavage and cristae remodeling are Ca 2+ -dependent
INTRODUCTION
Mitochondria are essential organelles responsible for an array of biochemical reactions critical for survival and homeostatic adaptation of the cell. These broad metabolic functions are tightly linked to mitochondrial architecture, or shape [1] . Mitochondria are highly dynamic, altering their shape in response to various cellular cues. These responses include changes in mitochondrial fusion, division, cristae remodeling and motility within the cell. The challenge has been in determining the functional contribution of these dynamic changes in architecture to both signalling and metabolic programs.
One important element of mitochondrial dynamics is the modulation of contact sites with other organelles, particularly for the acquisition of metabolites that lie at the heart of mitochondrial function [2, 3] . The best characterized of these dynamic contacts are those between the mitochondria and the endoplasmic reticulum (ER), commonly referred to as Mitochondria-Associated Membrane (MAM), representing almost 20% of the mitochondrial surface [4] . However, mitochondrial contacts with other organelles including early and late endosomes, lipid droplets and peroxisomes also play important roles in the exchange of metabolites. The molecular mechanisms that regulate mitochondrial contacts appear to be cell and context dependent [5] . For example, ER contacts rapidly adapt to the metabolic status of the cell [6] , and can be stabilized during cell death [7••] .
There are a number of tethering complexes and mechanisms that co-ordinate ER/mitochondrial contacts, including the machinery that regulates mitochondrial fission and fusion [5] . First, the fusion GTPase Mitofusin2 (Mfn2) tethers mitochondria to the ER to facilitate the flux of calcium between these organelles [8] [9] [10] . In addition to the links to the fusion GTPase Mfn2, ER contacts were also seen at sites of mitochondrial division, coupling the activity of the fission GTPase Dynamin related protein 1 (Drp1) to ER tethering [11] .
Mechanistically it is unclear how the ER identifies and marks the specific sites for division, but it is likely to be tightly regulated through molecular tethers and signalling machinery.
Indeed, some of the fission-related ER contacts occur at sites of mtDNA replication, hinting that signals from the replicating mtDNA nucleoids activate the formation of these contacts 
Architectural transitions in mitochondria drive apoptosis.
The mitochondrial pathway of apoptosis is a natural process contributing to cell homeostasis and is regulated by signalling through the Bcl-2 family of proteins [16] . (Figure 1C, D) . Indeed, in healthy cells, there is a constant balance between the different isoforms of OPA1, the membrane-anchored form of OPA1 (L-OPA1) and the soluble and shorter fragments (S-OPA1). During cell death, the oligomeric L-OPA1 forms are cleaved to generate the S-OPA1 isoforms, which contribute to the remodeling of the IMM [27] (Figure 1C, D) . In contrast, maintenance of OPA1 oligomers is protective against cell death [28] and transgenic mice overexpressing OPA1
were protected within models of neurodegeneration and cardiac hypertrophy [29•,30] .
While the dynamics of the inner membrane are central to the death program, it is also clear that Drp1-dependent mitochondrial fragmentation is coupled to apoptosis [31-34].
However, it has been less clear whether or why the overall size of the organelle would matter for the execution of cell death [35-38•] . We submit that the size may not matter in the end, rather the stabilization of fission-related ER contact sites facilitates the assembly of apoptotic signalling complexes that regulate lipid and calcium flux into the mitochondria.
Apoptosis is coupled to mitochondrial remodeling.
Drp1 is a cytosolic protein, which is recruited to the OMM through specific receptors to drive mitochondrial division in steady state. There are a number of mitochondrial receptors for Drp1, including the Mitochondrial Fission Factor (MFF) [39, 40] , and the Mitochondrial Dynamics proteins of 49 kDa (MiD49) and 51 kDa (MiD51) [41] [42] [43] [44] . In order to understand why mitochondria fragment during cell death, it is important to understand exactly when it occurs. Most studies are consistent with a model whereby Drp1 is recruited by its receptors following the activation and mitochondrial targeting of BAX/BAK, but before the release of cytochrome c [34, 45, 46] (Figure 1) . The requirement for Drp1 and its receptors in cell death was confirmed using genetic ablation in multiple systems [40, 41, 47] .
Early studies revealed that the absence of Drp1 and mitochondrial fission led to a block in the remodeling of the cristae, providing at least a partial explanation as to why cytochrome c release was delayed [48] . However the mechanisms that coupled Drp1 action to cristae remodeling remained elusive [48] . In addition, a recent study identified a role for the (Figure 1 ). MAPL is a peroxisomal and mitochondrial protein, stably inserted in the OMM via 2 transmembrane domains with the C-and N-terminus facing the cytosol and a large ~40kDa IMS domain [59] . The ligase activity is ensured by a RING domain of MAPL at the C-terminus [57] , and loss of MAPL led to an inhibition of cell death [7••] . MAPL appears to have a dual function as both a ubiquitin and SUMO E3 ligase [7••,57,60-64] . Interestingly, at least one other RING finger type E3 ligase, TOPORS, can both ubiquitinate and SUMOylate targets, depending on the situation [65] [66] [67] [68] [69] . TOPORS and MAPL are on the same phylogenetic branch within the RING finger family of proteins, perhaps consistent with a shared dual ligase activity [70] . It is possible that these ligases are capable of forming mixed SUMO/ubiquitin chains via internal conjugation sites [71, 72] . Alternatively, the specificity for ubiquitin or SUMO may be dependent upon the activating trigger.
Adding to this complexity, SUMO proteases can distinguish between the SUMO isoforms SUMO1, SUMO2, SUMO3 and SUMO4, and between the linkages within SUMO chains [73] [74] [75] [76] . Indeed, a number of studies examined the contribution of SenP2, SenP3 and SenP5 to events at the mitochondria, with varying results. These studies have shown that deSUMOylation may inhibit cell death [74,77•,78] , or promote it [79, 80] . Whether and how SUMO proteases may edit mixed chains, and act in response to context and cell specific death programs remains to be clarified. 
Apoptotic ER/mitochondria contact sites are different from healthy contact sites
The apoptotic mitochondria/ER constriction site shows unique features, consistent with these sites having additional and distinct functions. Indeed, MAPL is not required for steady state mitochondrial fission, as its loss does not fully phenocopy the loss of Drp1 MAPL has a strong capacity to promote mitochondrial fission [57, 59] . Given the block in cell models. For example, it has been shown that the tumor suppressors P53, PML and PTEN localize to ER/mitochondrial contact sites, and were required for apoptosis [102] [103] [104] .
Taking together, these data indicate the relevance and complexity of the mitochondria/ER platform in cell death, and the importance of these contacts in regulating cancer progression.
While clearly important, the precise molecular events that couple calcium flux to [108, 109] , providing a potential link between calcium uptake and OPA1 disassembly.
Lipid exchange at the apoptotic ER/mitochondria interface
While stabilized ER contacts facilitate calcium flux important to drive cristae remodeling and cytochrome c release, it is likely that these contacts also contribute to lipid exchange. This lipid flux may participate to the transitions in membrane architecture and/or contribute to the assembly of BAX/BAK channel assembly (Figure 3) . The stabilization of highly curved membranes driven by DRP1-dependent mitochondrial constriction sites was shown to facilitate BAX oligomerization, providing a biophysical explanation for the increased efficiency of cell death when constriction sites are stabilized [114] . In addition, ceramides accumulate in mitochondria during cell death, and there is convincing evidence demonstrating a contribution to BAX channel assembly [115] [116] [117] [118] [119] . Ceramides are generated within the ER through the sphingomyelin pathway, enzymes enriched in the MAM (Figure   3) . A recent study revealed the protective role for a MAM-enriched, Bcl-2 related protein called Bcl-2-L13 (also called Bcl-rambo) in the direct inhibition of ceramides synthesis, thereby blocking cell death [120•,121] . In contrast, the pro-apoptotic protein BAK was shown to bind and activate ceramide synthase [117] , further highlighting the complex regulation of ceramide production during the death program (Figure 3 ). In addition, the metabolites derived from ceramide, sphingosine-1-phosphate and hexedecanal were also shown to promote activation and BAX/BAK-induced cytochrome c release within a cell-free mitochondrial permeabilization assay [122] . This is also consistent with a role for direct mitochondrial/ER contacts in the generation and transfer of sphingolipids during cell death [122] (Figure 3) . These data suggest that Drp1-stabilized apoptotic contact sites may be a conduit for lipid transfer from ER to mitochondria that may drive distinct processes in the release of cytochrome c.
Conclusions.
We have summarized the emerging concepts in the cell biology that drives cell death, yet many questions remain. We propose a model whereby the activation of BAX/BAK leads to the stable assembly of Drp1-and MAPL-dependent ER/mitochondrial contacts that drive mitochondrial calcium entry (Figure 1B-D) . The influx of calcium is a prerequisite for OPA1 oligomer disassembly and cristae remodeling, allowing the direct access of cytochrome c to the BAX/BAK channels ( Figure 1D, E) . There is also evidence to suggest that ER-mitochondrial contact sites may also facilitate sphingolipid exchange and accumulation of intermediates at mitochondria, which may play a role in the expansion of BAX/BAK channel, as an example (Figure 3) .
To conclude, it has been established that mitochondria alter their shape during apoptosis, but it remained controversial whether these processes are functionally essential.
We submit that the changes in mitochondrial architecture greatly facilitate the expansion of BAX/BAK channels and ultimate release of cytochrome c. There may be situations where cells will die no matter what -a process referred to as "death by a thousand cuts". It is the fine-tuning of these events that will define the tipping point to kill the cell or allow it to survive. Mechanistically, the discovery that ER contacts accompany the process of •: One of the 2 papers that demonstrate, using STED super-reolution microscopy, the capacity of activated-BAX to assemble in large clusters forming a ring-like structure at the OMM. Interestingly, the authors show the requirement of Drp1, downstream of this BAX-ring, to induce a full cytochrome c release. 21. Salvador-Gallego R, Mund M, Cosentino K, Schneider J, Unsay J, Schraermeyer U, Engelhardt J, Ries J, Garcia-Saez AJ: Bax assembly into rings and arcs in apoptotic mitochondria is linked to membrane pores. EMBO J 2016, 35:389-401.
•: The second paper highlighting the capacity of activated BAX to form clusters at the OMM by STED super-resolution microscopy. The authors also showed that Activated-BAX could assemble into rings, lines or arcs at the OMM. •: The authors demonstrate the protective role of OPA1 and mitochondrial cristae remodeling in ischemic damage, apoptosis and muscular atrophy using an OPA1-overexpressing mouse model. •: Using In cellulo and cell-free assays, the authors propose that mitochondrial network regulates cell death induced by terminal UPR. They also show that the mitochondrial size is required to activated-BAX insertion and MOMP. ••: The author shows that cytoplasmic Ca2+ spikes from IP3R-induced Ca2+ release leads to a H2O2 nanodomain formation specifically at the mitochondria/ER interface. This H2O2 generation is accompanied by the remodeling of the mitochondrial cristae architecture due to Ca2+, K+ and water influx into the mitochondrial matrix. 96. Bonneau B, Ando H, Kawaai K, Hirose M, Takahashi-Iwanaga H, Mikoshiba K: IRBIT controls apoptosis by interacting with the Bcl-2 homolog, Bcl2l10, and by promoting ER-mitochondria contact. Elife 2016, 5.
•: This work shows the association of IRBIT and Bcl2l10 with the IP3R/VDAC specifically at the MAM. During apoptosis, the authors propose that IRBIT inhibits Bcl2l10 function at the ER to promote mitochondria/ER contacts, Ca2+ transfer into the mitochondria and subsequent cell death. 97. Doghman-Bouguerra M, Granatiero V, Sbiera S, Sbiera I, Lacas-Gervais S, Brau F, The activity of Drp1 and its recruitment to mitochondria to induce mitochondrial division is tightly regulated by post-translational modifications including S-nitrolysation, O-GlcNAcylation, ubiquitination, phosphorylation and SUMOylation [86] . These dynamic modifications couple mitochondrial architecture and dynamics to cell fate in a number of ways, from cell reprogramming [123• ] to tumor growth [124, 125] , neuroprotection [126] and necrosis [127] . However, the phosphorylation at . However, these events may again be context specific, since hyperglycemia in a diabetic mouse model led to the activation of Rho-associated coiled coil-containing protein Kinase 1 (ROCK1), which phosphorylated Drp1 on the orthologous PKA serine residue (serine 600), yet in this context they observed mitochondrial fragmentation and apoptosis [130] . It is not enough to dephosphorylate the PKA site for Drp1 recruitment and activation, it is increasingly clear that a new phosphorylation of Drp1 at Serine 616 is important for mitochondrial fragmentation during cell death. During this process, this site is phosphorylated by the kinases Proteine Kinase C (PKC) [131] and the Ca 2+ -/calmodulin-dependent kinase II (CaMKII) [132] . For example, during chronic β-adregenic receptor stimulation, CaMKII phosphorylates Drp1 at Serine 616 to induce mPTP opening and myocyte cell death 
